Light is an important factor for plant development and has serious effects on the growth, production and quality of potatoes. However, the physical and molecular mechanisms by which potato plantlets cope with different light qualities are not understood. In this study, the potato "Zhuanxinwu", which is a germplasm potato resource with a high anthocyanin content, was used for physiological and transcriptome profiling analyses to uncover the different mechanisms that occur in response to blue, red and white light conditions, with the white light condition serving as the control. Multiple growth indexes, protective enzyme activity and metabolite accumulation were measured. The results indicated that white light promoted a shift in biomass allocation away from tubers to leaves to enhance dry leaf matter and reduce tuber fresh/dry weight relative to the effects of blue or red light. The leaf area and anthocyanin content values were greater for plants grown in blue light than those grown in white or red light, suggesting that combinations of different spectra were more conducive to regulating potato growth. A total of 2220 differentially expressed genes (DEGs) were found among the three samples, and the DEGs in the three comparison sets were analyzed. A total of 1180 and 984 DEGs were identified in the red light (Red) and blue light (Blue) conditions compared to the control condition, respectively, and 359 DEGs overlapped between the two comparison sets (Blue_vs_White and Red_vs_White). Interestingly, the 24 most common overlapped DEGs were involved in photosynthesis, respiration, and reactive oxygen species (ROS) scavenging. Of these DEGs, four genes involved in photosynthesis and two genes involved in pigment synthesis were highly expressed, implying that some genes could be implemented to cope with different light spectra by regulating the expression of DEGs involved in the corresponding metabolic pathways. In conclusion, our study characterizes physiological responses of potato to different light qualities and identifies potential pathways and candidate genes involved in these responses, thus providing a basis for further research on artificial light regulation of potato plant growth.
Introduction
Maximizing crop yields under abiotic and biotic stresses is an important strategy for improvement of the food supply. Many stress-related genes are induced following exposure to strong stress environments (Hancock et al. 2014; Ahuja et al. 2010; Basu et al. 2017 ). In general, many studies have shown high levels of stress-related physiological processes and genes involved in the regulation of plant survival under various abiotic stresses (Umezawa et al. 2006; Larkindale and Vierling 2008; Jamil et al. 2011; Basu et al. 2017) . Although abiotic stresses under normal agronomic conditions rarely threaten plant death in temperate regions, mild stresses can also cause growth disturbances, leading to significant production losses (Skirycz et al. 2011) . The initial response Electronic supplementary material The online version of this article (https ://doi.org/10.1007/s1320 5-018-1410-0) contains supplementary material, which is available to authorized users.
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394 Page 2 of 11 to those stresses is downregulation of genes involved in energy and protein metabolism accompanied by changes in plant growth to induce protective mechanisms (Cramer et al. 2011) . Therefore, in an agricultural setting, growth cessation of crops can have an adverse effect on production, and characterization of physiological responses and growth changes under adverse conditions may serve as a good indicator for improved growth performance under mild stress conditions.
Light is one of the most important environmental factors for plant growth and development, and different light intensities and qualities can significantly affect plant growth and physiological metabolism. The different spectra of light strongly affect physiological and morphological changes in plant leaves (Hogewoning et al. 2010; Macedo et al. 2011) . The absorption ratio of blue or red light is approximately 90% in plant leaves (Terashima et al. 2011) . Thus, the amounts of blue and red light can strongly influence plant development and physiology (Parks 2003; McNellis and Deng 1995) . Light intensity is also an important factor for plant growth and development. To adapt to various light environments, plants have formed diverse mechanisms to adjust the morphological and physiological characteristics of the leaves (Matsuda et al. 2016; Fan et al. 2013) . The majority of previous studies have focused on the effects of different light intensities on plant growth and development under natural sunlight (Rocha et al. 2015; Ma et al. 2015; Fan et al. 2013) . Conversely, little is known about the molecular basis of the growth and development of plants under red, blue and white light conditions.
The potato (Solanum tuberosum L.) is one of the top three important food crops worldwide and is second only to rice and wheat. With a global production of approximately 300 million tons (MT), potatoes are a key food crop for food security (Birch et al. 2012) . In vitro culture and seedling detoxification are the main modes of in vitro potato propagation of the fine varieties, and inducing growth of potatoes by artificially regulating the light source is a prerequisite for cultivating strong seedlings and obtaining good plant varieties. Recently, the potato genome and transcriptome have been released, which have provided powerful resources for gene mapping, gene classification and functional annotation for functional analyses of potato responses to different artificial light qualities. However, the currently available transcriptomic data for potato plantlets under different light intensity conditions are insufficient, and some pathways involved in light regulation of potato growth have rarely been reported. In this study, RNA-seq data were generated from the potato cultivar 'Zhuanxinwu' and then used to examine transcriptome profiling and identify candidate genes involved in the regulation of potato growth under different light conditions. The growth of potatoes and the differentially expressed genes (DEGs) involved in their growth were analyzed to determine the possible molecular mechanisms by which potatoes respond to different light stresses. In total, 24 genes were differentially expressed in all three light conditions, and several potential photosynthesisand carotenoid biosynthesis-related genes were identified. These genes will provide a basis for further study of how artificial light regulates and influences potato growth.
Materials and methods

Plant materials and light treatments
Potato plantlets of the cultivar 'Zhuanxinwu' were cultivated in vitro using MS medium (Murashige and Skoog 1962) . The experiment was conducted at Jiangsu Vocational College of Agriculture and Forestry, China. Stem segments (10-15 mm in length with one leaf) were collected aseptically from potato plantlets in vitro and placed vertically in MS medium with 30 g L −1 of sucrose and 7.5 g L −1 of agar. After preculture for 3 days under fluorescent white lamps, the plantlets were placed under blue, white and red light conditions in vitro for 30 days. The control light source used wavelengths from 350 to 750 nm of a white fluorescent lamp (FL40D-EX/38, Huadian Co., China). The different spectral properties of the LED lights (the blue light peak at 440 nm and the red light peak at 630 nm) were examined using a spectroradiometer (SPIC-200, Everfine Co., Hangzhou, China). The photosynthetic photon flux density of each light was maintained at approximately 50 ± 5 µmol m −2 s −1 , and the light treatments were conducted in an incubation room at a relative humidity of 75% under a 12-h photoperiod at 25 ± 2 °C. Ten bottles were used for each treatment, and each bottle contained 10 plantlets. Each experiment had three replicates. All samples from the two light treatment groups and one control group were collected, immediately frozen in liquid nitrogen and stored at − 80 °C.
Growth and physiological parameter measurements
After 30 days of the three in vitro light treatments, 10 plantlets from each treatment were randomly collected for measurement of their growth and physiological parameters. The leaf area, root length, stem length, and fresh and dry weight of each plant were examined as previously described (Ma et al. 2015) . The chlorophyll (Chl) concentrations were determined by spectrophotometry according to Vincent and Nadeau (1983) . The anthocyanin contents were determined using the method reported by Xu et al. (2015) . The superoxide dismutase (SOD), catalase (CAT), and guaiacol peroxidase (POD) activities of the fresh leaves were measured by spectrophotometry using the method reported by Moradi and Ismail (2007) The sucrose acid invertase and sucrose neutral invertase activities were examined using the method described by Dai et al. (2016) .
Total RNA extraction
All S. tuberosum 'Zhuanxinwu' samples from the three light treatment groups were collected after 30 days. Total RNA was extracted from the plant materials using the TRIzol reagent (Invitrogen Scientific, Inc., USA) according to the manufacturer's instructions. The total RNA was digested using DNase I (TaKaRa, Dalian, China) to eliminate gDNA in each sample. The integrity and purity of the total RNA was measured using the NanoDrop 1000 micro ultraviolet visible spectrophotometer (Thermo Fisher Scientific, Inc., USA) and 1.5% agarose gel electrophoresis, respectively.
Library preparation and sequencing
Libraries were generated using the TruSeq RNA kit (Illumina). Approximately, 1.5 µg of total RNA from each sample was used to construct a cDNA library for subsequent Illumina sequencing. The mRNAs were purified and fragmented and then converted into cDNA for PCR amplification according to the Illumina RNA-seq protocol (Illumina, Inc., USA). Raw reads were generated using the Illumina Genome Analyzer II (Illumina) and Illumina HiSeq 2500 (Illumina) at the Beijing Genomics Institution (ShenZhen, China) according to the manufacturer's recommendations. The RNA-seq raw data was deposited in the SRA databases of NCBI under BioProject PRJNA482047.
Read mapping and DEG screening
The FASTX toolkit (http://hanno nlab.cshl.edu/fastx _toolk it/ index .html) was used to filter the clean reads. The Illumina adapter sequences and the low-quality bases were removed using the fastx_clipper program and the fastq_quality_trim-mer. All distinct clean reads were mapped to the potato (S. tuberosum) reference genome database (https ://www.solge nomic s.org/organ ism/Solan um_tuber osum/) using SOAPaligner/SOAP2 (http://soap.genom ics.org.cn/). The gene expression levels of each sample were calculated using the fragments per kilobase of exon per million mapped fragments (FPKM) method (Mortazavi et al. 2008) . The FPKM values were used to compare differences in gene expression among different light treatments. The DEGs were identified among pairwise comparisons of the three samples from the two light treatments (blue and red) and the control (white) condition using the edgeR package (Robinson et al. 2010 ). An absolute log2 fold change > 1 and false discovery rate (FDR) < 0.05 were used to identify the significance of differences in gene expression. Subsequently, the Blast2GO software (Conesa et al. 2005 ) was used to annotate the gene ontology (GO) classifications of the DEGs using a corrected p value < 0.05 as the screening cutoff. The GO enrichment contained three categories: molecular function, cellular component and biological process. KOBAS (Xie et al. 2011) was used to generate the enrichment analysis based on the Kyoto Encyclopedia of Genes and Genomes (KEGG) metabolic pathways for the DEGs.
Quantitative real-time PCR (qPCR) verification of the DEGs
To confirm the confidence and reliability of the transcriptome sequencing data, the qPCR expression levels of six genes were compared with their corresponding expression levels from the sequencing data among the various sequencing samples. Gene-specific qPCR primers were designed using the Primer Express software (v3.0, Applied Biosystems) and are shown in Table S1 . The elongation factor 1-α (ef1α) was selceted as an internal reference gene to normalize the expression values (Ma et al. 2016) . The 20-µL PCR reaction contained 10 µL of SYBR Fast qPCR Mix (TaKaRa, Dalian, China), 2 µL of diluted cDNA, 1 µL each of the forward and reverse primers (10 µmol L −1 ), and 6 µL of ddH 2 O. The qPCR amplification was performed on a LightCycler 480 Real-Time PCR machine (Roche, Basel, Switzerland) under the following conditions: 95 °C for 3 min followed by 40 cycles at 95 °C for 15 s and 60 °C for 40 s. The relative expression levels were calculated using the 2 −(ΔΔCt) method (Livak and Schmittgen 2001) , and each gene had three technical and three biological repeats.
Statistical analysis
The data are presented as the means ± standard errors (SEs). All statistical analyses were performed with the IBM Statistical Product and Service Solutions for Windows, Version 20.0 (IBM SPSS 20, Chicago, IL, USA). The data were analyzed for each treatment using one-way analysis of variance (ANOVA), and the significance of differences between the means was detected using Tukey's test (p < 0.05).
Results and discussion
Effects of different light spectra (blue, white and red) on potato growth Different light conditions influenced the vegetative growth of the potato plantlets (Fig. 1) . Plantlets grown in the white light condition exhibited a shift in biomass allocation away from tubers to leaves corresponding to the blue or red light condition that indicated significantly enhanced leaf dry matter and reduced tuber fresh/dry weight. This shift caused a significantly reduced harvest index ( (Table 1) . However, the average leaf areas and anthocyanin contents of the plants exposed to blue light were approximately 86.06 mm 2 and 40.55 µg g −1 DW, respectively, which were higher than the values obtained for the plants exposed to the white or red light. These results indicated the blue light might promote the growth and development of potato plantlets in vitro and suggested that some of its roles might be involved in the leaf area and pigment accumulation functions. Although blue light is harmful to living organisms, it can also increase reactive oxygen species (ROS) production to reduce oxidative stress (Hideg et al. 2013) . When the plantlets were exposed to the blue light condition, the greatest average SOD, CAT and POD values were generated (340.83, 30.31, and 354.71 U/(g min), respectively). However, the sucrose acid invertase and sucrose neutral invertase contents in the leaves of plants grown under red light were 5.47 and 4.16 U[mg/(FW h)], respectively, which were significantly higher than the contents in the plants grown under blue or red light. These data confirm that the mechanism involved in blue light tolerance is based on increasing the activities of protected enzymes, such as SOD, CAT and POD, to promote plantlet survival (Hideg et al. 2013 ). These changes include leaf growth, chlorophyll synthesis and anthocyanin accumulation and indicate that blue light plays an important role in the formation of the specific qualities of the potato cultivar 'Zhuanxinwu'. Therefore, these data suggest that multiple spectral combinations are more effective at artificially regulating potato growth.
Sequencing data and DEG analysis
High-throughput sequencing, such as RNA-seq, has been used as an effective method to examine the transcriptional conditions of plants in different states, to compare differential expression profiles or differentially expressed genes, and to reveal the basis of plant molecular responses to different environments. In this study, potato leaf transcriptome data were obtained under three light conditions. Among the three transcriptome sequencing samples, a total of 22,484,237, 22,222,909 and 22,466,742 raw reads were generated from the corresponding red, blue, and white light cDNA libraries, respectively. Subsequently, these reads were filtered, and 60.18 Gb of clean bases were obtained; up to 78.28% of the clean reads could be mapped onto the published potato genome (Table 2 and  Table S2 ). Then, the expression profiles of all transcripts were analyzed using pairwise comparisons of the three samples ( Fig. 2 and Figure S1 ). Moreover, DEGs were identified among the different comparison groups [the data from the blue light-treated sample compared to the control (Blue_vs_White), the red light-treated sample compared to the control (Red_vs_White) and the blue light-treated sample compared to the red light-treated sample (Blue_ vs_Red)]. A total of 2220 DEGs were identified, and 24 common overlapping DEGs were found among the different comparison data sets ( Fig. 3 and Table S3 ). The Blue_vs_White comparison set contained 984 DEGs, of which 470 genes were upregulated DEGs and 514 genes were downregulated DEGs (Table 3 ). In the Red_vs_White comparison set, in which the red light was compared to the control condition, 1180 genes were differentially expressed, of which 773 genes were upregulated and 407 genes were downregulated. In addition, when the blue light-treated sample was compared to the red light-treated sample, 867 genes were differentially expressed, of which 177 genes were upregulated and 690 genes were downregulated (Table 3 and Table S3 ). The Red_vs_White comparison set had more DEGs than the Blue_vs_White or Blue_vs_Red comparison set, and those DEGs could be annotated using the Swiss-Prot, GO, KEGG, COG, KOG, Pfam, and nr databases. The annotation numbers varied from 491 to 1091 (Table S4) .
Functional annotation and analysis of DEGs
Mining differentially expressed genes is an important method for studies of transcriptome profiles under different states. Annotation of differential genes in different transcriptomes can be used to clarify which functional genes or metabolic pathways play important roles in transcriptional regulation. To investigate the functions of and highlight the metabolic pathways in which the DEGs were potentially involved during regulation of light tolerance, the GO classifications and KEGG pathway, annotations of genes encoding the identified DEGs from the three comparison sets (Blue_vs_White, Red_vs_White, and Blue_vs_Red) were analyzed (Fig. 4 , Tables S4 and S5 ). These analyses identified 396, 1180 and 867 unique GO functional annotations from the Blue_vs_White, Red_vs_White, and Blue_vs_Red comparison groups, respectively. A total of 1295 genes were annotated in the biological process category, accounting for approximately 45.35% of the total GO functional annotation categories. The cellular component and molecular function categories contained 1098 and 462 genes, respectively (Fig. 4) . Among those comparison data sets, many DEGs were significantly enriched in the following five GO categories: metabolic process, cell, cell part, cellular process and single organism (Fig. 4) . For KEGG pathway annotation of the DEGs, the data were retrieved from the published KOBAS database. A total of 249 DEGs from 4201 expressed genes were enriched in 54 pathways (Table S5 ). The KEGG pathway annotation terms for each intragroup analysis were compared to identify the top ten significantly enriched pathways (Table 4 ).
The top ten enriched pathways contained 139 DEGs and included photosynthesis, carbon fixation in photosynthetic organisms, ribosome, glycolysis/gluconeogenesis, pentose phosphate pathway, photosynthesis-antenna proteins, oxidative phosphorylation, carotenoid biosynthesis, pyruvate metabolism, and glyoxylate and dicarboxylate metabolism (Table 4 ), which revealed that many genes were intensively enriched in metabolic and biosynthesis-related pathways. In current reports, transcript profiling and metabolic pathways have been analyzed for leaves from potato (S. tuberosum) plantlets treated with different light conditions. The expression profiling analysis indicated that genes involved in photosynthesis, photorespiration and carbohydrate-related processes were more drastically downregulated under the blue light condition than under the red light condition. In this study, we collected potato plantlets in vitro as the sequencing material to examine transcriptome changes under three different light conditions. Some significantly changed DEGs were identified and found to be associated with photosynthesis, secondary metabolism, pigment biosynthesis, and starch synthesis and transfer. The differences in the DEGs among these studies could be due to the use of different material properties, treatments and plant genetic backgrounds, which will require further data support.
RNA-seq data verification
The accuracy of sequencing data is the basis of data utilization. With improvements in sequencing technology, highthroughput sequencing has gradually become a powerful means to detect gene expression. However, verification of sequencing data through qPCR is a key step in RNA-seq analyses. To confirm the data validity of the potato plantlet transcriptome under blue, white and red light conditions, six target genes were selected from the sequencing data to check the expression profiles using qPCR. The qPCR analyses of these selected genes and internal reference genes were performed for all sequencing samples using their qPCR primers (Table S1 ); the corresponding qPCR expression levels and RNA-seq values of the selected genes are shown using histograms in Fig. 5 . Although the relative expression patterns of these selected genes were different from those obtained from the RNA-seq and qPCR data for all sequencing samples, the expression trends of these selected genes were similar to the data obtained using the two methods, which confirmed the reliability and accuracy of the RNA-seq results.
Analysis of genes related to photosynthesis and pigment biosynthesis
Potato production involves a series of complex biological processes mediated by both environmental factors and genes (Dinakar et al. 2012; Akula and Ravishankar 2011; Ahuja et al. 2010) . In potatoes, the cell number and division of potato tubes are major events by which tubers bulk together with the associated starch and protein accumulation (Nazarian-Firouzabadi and Visser 2017; Van Harsselaar et al. 2017; Birch et al. 2012; Geigenberger 2003) . Photoperiod signal perception and conduction in leaves initiates tuberization in the apical region of the underground potato tube. Dioxygenases catalyze oxygenation of polyunsaturated fatty acids (LOXs), such as linoleic and linolenic acids, which contributes to 9(S)-hydroperoxy linolenic acid (9(S)-HPOT) and 13(S)-hydroperoxy linolenic acid (13(S)-HPOT) accumulation. Then, these products are metabolized to tuberonic acid and tuberonic acid glucoside to induce tuber formation when the plantlets are placed in strong light conditions. Interestingly, some genes among the 24 common overlapped DEGs (Table S6) were involved in carotenoid biosynthesis (e.g.,
LOC102585015
) and UDP-glucoronosyl and UDP-glucosyl transferase metabolism (LOC102593972), suggesting that these overlapped DEGs might have important functions in regulating carotenoid biosynthesis, transport and metabolism in response to light stress in potato plants. Moreover, the expression patterns of some genes were altered; those genes were involved in major biological processes or pathways (Table S6) , such as posttranslational modification (LOC102593357), heat stress transcription factor (LOC102602063) and heat or oxidative stresses by the generation of ROS under light stress conditions. Light can mediate photosynthesis and carotenoid biosynthesis of potatoes and their signal transduction, and other related metabolic pathways change under different light intensity conditions, thereby altering the transcriptional responses of common overlapping genes related to photosynthesis and carotenoid biosynthesis. However, this mechanism needs to be further studied to explore light responses and the regulation of potato plantlets under different light conditions.
Conclusions
In this study, we examined the physiological responses of potato 'Zhuanxinwu' cultivar plantlets to three light wavelengths, including blue, white, and red light, and performed transcriptomic profiling. The growth and physiological parameter changes indicated that blue light reduced leaf fresh/dry matter, promoted expansion of the leaf area, improved chlorophyll synthesis and increased anthocyanin accumulation. These effects may play important roles in the formation of the specific quality of potato cultivar 'Zhuanxinwu', as suggested by multiple spectral combinations, and may provide a more effective method to regulate potato growth. The transcriptome analysis indicated that among the four comparison data sets containing 2220 DEGs, 24 common overlapped DEGs were involved in several potential photosynthesis and pigment biosynthesis pathways. This finding suggests that blue light plays an important role in the formation of the specific quality of the potato cultivar 'Zhuanxinwu'. These findings yield new insights into the mechanisms by which potato plantlets respond to light quality and will help clarify the precise mechanisms related to light responses in potato plantlets. This work also opens the door for further studies on the effects of artificial light regulation on the yield and quality of potatoes.
